Abstract This study assessed the effects of host plant volume on invertebrate density and taxon richness on a native New Zealand shrub, Olearia bullata (Asteraceae). Specimens were collected by beating during a single summer/autumn sampling event from 30 O. bullata plants. The influence of the surrounding environment was also examined by assessing canopy connectivity between O. bullata shrubs and their nearest neighbours (O. bullata and other shrub species). Linear regression analyses suggested a positive association between invertebrate taxon richness and shrub volume, a relationship that was also apparent at the Order level for Coleoptera, Diptera, and Psocoptera. No significant results were found between shrub volume and invertebrate density at any taxonomic level. Negative associations were obtained between the density of Araneae and Hemiptera against the distance between O. bullata shrubs.
INTRODUCTION
The global importance of New Zealand's fauna has been widely acknowledged. Myers et al. (2000) placed it among the 25 biodiversity hotspots of the world. Holloway & Stork (1991) went further to emphasise the importance of this country's biodiversity, stating that the loss of New Zealand's fauna and flora would be devastating to global diversity. New Zealand's invertebrate fauna is unique and diverse, with a level of endemism of at least 90% at the species level (Patrick 1994; Klimaszewski 1997) , one of the highest levels in the world for a discrete area (Dugdale 1988) . Despite its international importance, little is known of New Zealand's invertebrates. It is consequently necessary to increase our knowledge of invertebrate ecology.
The effect of island size on faunal diversity was first analysed in depth by MacArthur & Wilson (1967) resulting in the prediction that the number of species on an island would be proportional to its size. An island can be considered as any particular habitat that to some degree is isolated from other similar habitats. Connor & McCoy (1979) and Strong (1979) provided reviews of the species-area relationships for arthropods in plant patches and the mechanisms involved. Strong et al. (1984) proposed that clumps or patches of plants could be seen as "islands" surrounded by other vegetation, and they found that larger patches harboured more species of insect herbivores. However, to examine the effect of patch scale is problematic, as it varies according to several biological factors concerning a particular invertebrate species, such as mobility, home range, and size of the individual. Therefore, it is difficult to assess when the gap between stands of a particular plant may be large enough to create isolated patches. Individual plants nonetheless can be viewed as discrete patches of habitat, and Strong et al. (1984) pointed out that Janzen (1968 Janzen ( , 1973 was probably the first to apply MacArthur & Wilson's (1967) theory to insect-plant relationships treating host plants as islands. According to Janzen (1968) a shrub can be considered to be an island (a contiguous habitat that is to some degree isolated from other similar habitats), at least to the individual insects that feed on it.
Host plants also affect the invertebrate fauna through the size and structural complexity of their above-ground parts (referred to as "plant architecture" by Lawton & Schröder (1977) and Lawton (1983) ), which has a pronounced effect on the diversity of phytophagous insect communities (Lawton 1983 (Lawton , 1986 . Larger and more complex host plants have a higher species richness of herbivorous insects (Strong 1977; Gilbert & Smiley 1978; Lawton 1978; Southwood 1978a; Strong & Levin 1979; Strong et al. 1984; Denno & Roderick 1991) .
The present study examines the relationship between invertebrates and their host plant in a modified native New Zealand shrubland. More precisely, it aims to test whether the diversity and density of invertebrates change with an increase in size of Olearia bullata H.D. Wilson & Garn.-Jones (Asteraceae) host plants.
METHODS
Invertebrate sampling was carried out in a modified native shrubland at 450 m altitude in the Brookdale Conservation Covenant, on the lower eastern slopes of the Rock and Pillar Range, South Island, New Zealand (45°30¢S, 170°03¢E). It is a region of extensively modified tussock grasslands, shrublands, and alpine vegetation.
Invertebrate specimens were collected from O. bullata, one of the dominant divaricating (sensu McQueen 2000) native shrubs in the plant community. The genus is known to harbour a rich invertebrate fauna (Dugdale 1975; Patrick 2000) . Thirty O. bullata shrubs were selected using random numbers and co-ordinates over a 5-ha area, and sampled by beating (Southwood 1978b; Davies & Stork 1996; New 1998) . This sampling method is efficient and useful. As with all techniques, however, it is biased to some extent, and not capable of reliably reflecting the diversity of some groups in the invertebrate community (e.g., flying insects). Sampling was temporally restricted providing a snapshot of communities and relationships in summer/early autumn (March/April 1999). This study is part of a broader project, and is probably the first of its kind in lowland shrubland communities in New Zealand.
Sampling was conducted when the vegetation was dry and on windless days. Each plant received 10 downward strokes with a 1.5-m-long metal probe, and falling material was collected on a polythene sheet, 1.0 ¥ 1.3 m, placed underneath. Once the material was on the sampling mat, the latter was quickly folded to prevent flying insects from escaping. The material was then sealed in a plastic bag, labelled, and frozen. Invertebrates were initially sorted into morphospecies using a low-power binocular microscope. Examples of each morphospecies were sent to specialist taxonomists for confirmation of identification.
An estimate of shrub volume was used in this study as a surrogate for island size. It was calculated as shrub height multiplied by projected foliage cover (shrub area in cross-section). The surrounding environment is also likely to influence the association between each shrub and its invertebrate fauna. Three additional environmental variables were measured in the field to estimate the isolation of each shrub from the surrounding vegetation, an important factor in recolonisation and reproduction for invertebrates: Distance to nearest shrub, i.e., shortest distance between the base of the sampled shrub and the base of the nearest shrub of any species; Distance to nearest O. bullata shrub, i.e., shortest distance between the base of the sampled shrub and the base of the nearest O. bullata plant; Canopy connectivity, i.e., the presence/absence of canopy connection between the sampled shrub and an adjacent shrub regardless of the species.
As we intended to assess how invertebrate richness and density varied in relation to shrub size, the following dependent invertebrate variables were calculated: Log taxon richness, i.e., log 10 of the number of different taxa collected from each shrub, identified to the lowest taxonomic level possible; Log density, i.e., log 10 of the density of the number of individuals found per sampled shrub volume. Density was calculated as: (no. of individuals)/(shrub height ¥ S), where S is the sampled shrub area given by the projected foliage cover (PFC) of the sampled shrub or the area of the sampling sheet (S S ), whichever was smaller.
The data were log transformed and checked to ensure they were normally distributed. Correlation analyses were initially performed between the above variables and the log 10 of volume, distance to nearest shrub, and distance to nearest O. bullata shrub to screen for potentially interesting relationships. Linear regressions were then run for the significant correlations. For canopy connectivity (a discrete variable), two-sample t-tests were used to compare community density and taxon richness between shrubs whose canopy touched adjacent individuals and those which were isolated.
To assess whether similar relationships occurred within invertebrate Orders, the same set of analyses was performed for density and taxon richness of each. This was, however, only possible for the Orders present in a sufficient number of shrubs to allow meaningful statistical analyses. Only relationships between shrub variables and those Orders with specimens present in more than three-quarters of the sampled shrubs (23 or more) were analysed statistically. For taxon richness, it was also determined that the Order should have an average of one or more taxon per shrub. All tests were conducted at a significance level of P < 0.05.
RESULTS

Community description and analyses
The maximum distance between any two shrubs sampled was c. 488 m, while the minimum was 0.6 m. A wide range of shrub sizes was sampled, from very small and slender shrubs just over 1 m tall, to large and dense shrubs almost 3 m in height. There was a linear increase in shrub volume for most of the size range, until the upper volume range when there was an exponential increase in size. One shrub was over 40 m 3 , another was 17 m 3 , and all others were equal to or less than 10 m 3 (Fig. 1) .
The 30 O. bullata shrubs sampled yielded a total of 5507 invertebrates in 156 taxa, including 2 Phyla, 3 Classes, and 16 Orders (Appendix). The invertebrates sampled are listed in the Appendix to the lowest taxonomic level to which they were identified. The Phylum Arthropoda included (in the Class Arachnida) Acari, Araneae, and Pseudoscorpionida; and (in the Class Insecta) Blattodea, Coleoptera, Collembola, Diptera, Hemiptera, Hymenoptera, Lepidoptera, Neuroptera, Psocoptera, Thysanoptera, and Trichoptera. The other Phylum collected was Mollusca, more specifically Class Gastropoda, Order Stylommatophora. Specialist taxonomists were not available at the time to identify specimens of Acari, Collembola, Psocoptera, Thysanoptera, and most Hemiptera, therefore differentiation of those taxa are based on the initial sorting to morphospecies alone.
The mean number of taxa recorded per shrub was 27.7 species (SD = 12.1), while an average of 183.6 specimens (SD = 159.0) per shrub was collected. With the exception of two shrubs in the upper volume range from which particularly large numbers of specimens and taxa were collected, and one in the lower range that was relatively bare (Fig. 1) , all values fell within one standard deviation of the mean volume.
For the overall invertebrate community, the linear correlation analysis between shrub volume and taxon richness was significant (P = 0.006) ( Table 1) . A linear regression analysis was performed, and, despite the small P value, the positive association between volume and taxon richness was weak (r 2 = 0.24) ( Fig. 2A) . The regression for taxon richness appears to have been strongly influenced by the two samples at either end of the scale. The influence of these extreme points was tested by removing them from the data analyses and performing regressions on the remaining 28 sample points, and, as expected, the association became nonsignificant (P = 0.386). There were no significant associations between taxon richness and the three environmental variables measured (Table 1) .
No correlation analyses performed yielded significant results for invertebrate density. The P values were large (Table 1) indicating that density was not significantly associated with shrub volume and the measured environmental variables.
Community taxonomic composition
Acari was by far the most abundant taxon collected, comprising 2044 of the 5507 specimens collected (c. 37.1% of overall abundance) (Appendix). It was followed by Araneae with 1572 specimens (28.5%). Another 1788 invertebrates were included in the Orders Hemiptera with 526 specimens (9.6%), Coleoptera 258 (4.7%), Stylommatophora 249 (4.5%), Psocoptera 243 (4.4%), Hymenoptera 178 (3.2%), Thysanoptera 145 (2.6%), Diptera 109 (2.0%), and Pseudoscorpionida 80 (1.5%). The remaining 103 specimens (equivalent to 1.9% of the overall abundance) were from the Orders Blattodea, Collembola, Ephemeroptera, Lepidoptera, Neuroptera, and Trichoptera. Of all Orders, only Araneae and Hemiptera were recorded from all 30 O. bullata shrubs sampled (Appendix). Acari, Coleoptera, and Hymenoptera were recorded on 27 shrubs, Diptera on 25, Psocoptera on 24, Stylommatophora on 23, and Thysanoptera on 21. Lepidoptera and Pseudoscorpionida had more restricted distributions, and were recorded on 16 and 10 shrubs, respectively. Remaining Orders were collected from relatively few shrubs: Collembola in 7 shrubs; Blattodea 4; Neuroptera and Trichoptera 2; and Ephemeroptera 1.
Within Orders certain taxa were numerically dominant, while others were quite uncommon (Appendix). For example, of the 1320 spiders identified to Family or to a lower taxonomic level, 682 were Dolomedes sp. (51.7%). Some Families within the Araneae were extremely rare, such as Mimetidae, Cycloctenidae, and Orsolobidae with only 6 specimens of each being recorded. Among the Hemiptera, 1 species (Trioza sp.) made up 205 of the 603 specimens found (34.0%). For Coleoptera, the distribution was more even at the species level, and the most abundant taxa, aleocharine species, represented only 16.7% of the total number of individuals (43 specimens) collected (Appendix). At the Family level, however, 3 Families of the 13 recorded, Coccinellidae, Corticariidae, and Staphylinidae, made up 76.4% of the total comprising 197 individuals. In contrast, Pseudoscorpionida, Blattodea, and Trichoptera consisted of one single species, while Neuroptera and Stylommatophora of two.
Individual analyses were not carried out for all invertebrate Orders. Due to the small number of specimens and low frequency of occurrence on the shrubs, the Orders Blattodea, Collembola, Ephemeroptera, Lepidoptera, Neuroptera, Pseudoscorpionida, Thysanoptera, and Trichoptera were not included. Analyses for density were performed for all the remaining Orders. For taxon richness, however, Acari and Stylommatophora were also excluded due to their small number of taxa (8 and 2, respectively). There were no significant associations between the density of invertebrates in any Order and shrub volume (Table 1) . For the variables referring to the surrounding environment, most results were non-significant (Table 1) . The exceptions were the significant negative associations between the densities of Araneae and Hemiptera and the distance to the nearest O. bullata shrub (P = 0.045 and 0.025, respectively). There was, however, considerable scatter in the data (Fig. 2F,G) and the association seems rather weak (r 2 = 0.11 and 0.14, respectively). A possible explanation for the significant negative associations could be a co-linearity between shrub volume and distance to the nearest O. bullata shrub. A linear correlation analysis was therefore performed between those two independent variables and it was found to be not significant (P = 0.350).
There was a significant association between taxon richness and shrub volume in four Orders: Coleoptera, Diptera, Hemiptera, and Psocoptera (Table 1 ). The associations, however, were weak, especially for Diptera and Psocoptera, as shown by the low r 2 values (Fig. 2C,D) . The two extreme data points seem to drive most of the relationships, and the regressions were performed again with those excluded. Only the association between Coleoptera taxon richness and shrub volume remained significant ( Fig. 2B -E), with r 2 reduced from 0.36 to 0.19. As almost half of the hemipterans collected belonged to an undescribed Trioza species, additional analyses were performed excluding the latter, yielding no significant results. For the remaining Orders there were no positive associations between taxon richness and shrub volume (Table  1 ). There were also no significant results in any of the Orders for taxon richness in relation to the three variables associated with the surrounding habitat (Table 1) .
DISCUSSION
Community level analyses
The randomly selected shrubs encompassed a wide variety of size classes. One shrub was exceptionally small, a seedling 90 cm tall with a PFC of 0.38 m 2 . The largest shrub was 267 cm tall with a PFC of 15.22 m 2 . The seedling produced 9 taxa and 11 specimens, while the largest shrub supported 53 taxa and 761 specimens (Fig. 1) , thus supporting the main hypothesis of a positive association between shrub size and taxon diversity.
Host plant size per se, however, is probably not the single factor accounting for the higher richness of invertebrate taxa. What appears to be more important is the fact that a larger shrub will generally lead to an increase in the diversity of resources available, especially for herbivores (Lawton 1983 (Lawton , 1986 . Strong et al. (1984) discussed several studies showing that the phytophagous fauna increases with increasing size, structural complexity, and diversity of the above-ground parts of the plant. Southwood et al. (1979) found a positive association between Coleoptera and Heteroptera diversity and the increasing complexity of plant architecture along the successional pathway (in the sequence herb → shrub → tree). For O. bullata, although canopy complexity was not measured in this study, it seems to increase with increasing shrub size (J. G. B. Derraik pers. obs.).
The diversity of microhabitats increases with shrub size (Lawton 1983 (Lawton , 1986 ), but the results here indicate that the density of invertebrates per unit area may not. Non-significant results were obtained at the community level and for all Orders subjected to density analysis. Despite the increase in the variability of resources per unit area, there was apparently no increase in the carrying capacity, which means that the maximum number of invertebrates that a certain volume of the shrub could hold remained relatively unaltered. Other factors apart from shrub size alone may be at play. It is possible, for instance, that competition may also increase, and, as has been observed in other studies (Lawton 1978) , it might be limiting the number of invertebrates able to explore the available niches.
Analyses at the Order level
Most studies cited here have focused on phytophagous invertebrates. The results discussed so far are not necessarily comparable to those in the literature since the community was an amalgamation of various arthropod groups from at least three trophic levels.
The Araneae was the only closely examined Order made up solely of predators. There seems to be a positive association between species richness/abundance of orb-weavers and other web-builders, and plant canopy complexity (Stratton et al. 1979; Hatley & MacMahon 1980; Greenstone 1984) . The same pattern has also been found among hunting spiders (freeliving or vagrants) (Duffey 1962a,b; Uetz 1991) . In our study there was no significant association between shrub size and spider taxon richness, which contradicts the previously cited literature.
The Coleoptera comprised the largest number of taxa (at least 29) recorded from O. bullata, and showed the strongest association between taxon richness and shrub volume (Table 1) . Larger, older shrubs have more food resources (e.g., prey, algae, and lichens) and are able to support a more diverse fauna than smaller shrubs. Some coleopteran species that use pheromones to attract mates require prominent vantage points and some wood-boring beetles need wood of a certain diameter for larval development, so both communities are positively influenced by the size of the host plant.
At least 16 different dipteran species (all adults) distributed over 10 families were collected from O. bullata. Different dipteran families present distinct life histories and habitat requirements, some using the shrubs as a direct food source, others for reproduction and prey capture. Larger shrubs are, therefore, not only likely to provide more suitable sites, but also be more conspicuous and likely to attract more flies, which might explain the positive association between dipteran taxon richness and the volume of O. bullata shrubs.
The Order Hemiptera is an amalgamation of insects with rather dissimilar families (Sharell 1971) , and while most hemipterans feed on plants and fruit, a few (i.e., members of the Families Berytidae and Reduviidae collected here) are predators. A positive (though weak) association between shrub size and taxon richness was observed, as larger shrubs may provide a greater range of plant parts that benefit species that otherwise are unable to settle on smaller plants.
Nearly all Hymenoptera recorded (95.5%) were wasps, parasitoids of various groups such as aphids, spiders, beetles, caterpillars, scale insects, and fly pupae (J. Early pers. comm. 2000). One could expect that an overall increase in insect diversity would lead to an increase in parasitoid-host diversity, and, therefore, Hymenoptera diversity. Nonetheless, there was no significant association between O. bullata volume and hymenopteran taxon richness, which could also be a result of the sampling method, inadequate for properly inventorying this Order.
The Psocoptera is probably the least known Order of small insects (New 1974) , being grazers on microepiphytes (fungi, algae, and lichens) that grow on bark and leaves and in the litter (New 1974; Thornton 1985) . Although some species show little food discrimination, many species show marked food and habitat preferences (New 1974; Thornton 1985) . The availability of suitable microhabitat for Psocoptera would most likely increase in larger shrubs, and the observed positive association between the taxon richness of psocids and shrub size could be expected.
There were no significant results between taxon richness or density of any Order and habitat connectivity (Table 1) . Many spider species are highly mobile and are able to move freely between shrubs, some species dispersing over large distances as juveniles by ballooning (Forster & Forster 1999) , and hunting spiders are not tied to fixed structures such as snares, moving about freely, including from shrub to shrub. Many Coleoptera species are able to fly over long distances (Crowson 1981) , therefore isolation at the scale measured within the shrubland is unlikely to be a barrier. Although a few families recorded here were comprised entirely of flightless beetles (e.g., Tenebrionidae), these are able to walk across large distances, as would the larger Carabidae (Crowson 1981) . Hemipterans, apart from the predatory bugs, are typically confined to the host plant (Dolling 1991) . During their lifetime, many species have both flightless and winged morphs (Sharell 1971; Speight et al. 1999) , the latter capable of migrating to other host plants to establish new colonies (Sharell 1971) . All species in the Orders Diptera, Hymenoptera, and Psocoptera collected were mostly comprised of active flying adults.
There were only two significant results for the density analyses, which showed negative associations (though weak) between the density of Hemiptera and Araneae and the distance to the nearest O. bullata shrub. The relationships indicate that the closer the shrubs were, the more spiders and hemipterans per unit volume were present. Some studies have shown that the density of host specific insects increases with increasing host plant density (Bach 1984a,b) , and a similar pattern could be occurring here. However, since spiders are not host specific and the other analyses gave non-significant results, it is difficult to explain the significant associations.
CONCLUSIONS
Our results indicate that invertebrate taxon richness increases with increasing host plant size. We should point out, though, that these results are conservative, as the sampling efficiency of beating is likely to decrease with increasing shrub size. Consequently, the difference between the diversity of small and large shrubs is probably higher than that obtained in this study.
This positive association between invertebrate diversity and shrub size seems likely to be related to the ecology of the invertebrate species in question. No association between shrub size and the density of invertebrates was found, though some inconclusive results were obtained in relation to the distance between shrubs. Different sampling procedures and further sampling events may be required to effectively test the significance of the shrub size for the invertebrate community.
APPENDIX
Invertebrate taxa collected from the 30 Olearia bullata shrubs at Brookdale to the lowest taxonomic level to which they have been identified. For some Orders, only morphospecies information was available at the time the analyses were carried out. 
